We propose a novel sensitivity based approach which predicts and explains the accuracy of material parameter identification for a composite plate using the Projected Finite Element Update Method (PFEUM). A typical experiment using the PFEUM technique involves a plate specimen held at three or four supports and bent under the application of a point load. TwoDimensional Digital Image Correlation (2D-DIC) is used to measure the pseudo displacements resulting from the projection of out-of-plane deflection of the plate onto the image plane. A cost function relating the projected numerical and experimental displacement fields is then minimized to obtain the material parameters. It is shown that the contribution of a specific material parameter in the observed displacement field influences the accuracy of its identification. The contributions from material parameters are first quantified in terms of sensitivity criterion which may be tailored by changing the elements of test configuration like location of supports, the load application point and the specimen geometry. Several test configurations are designed by maximizing the sensitivities corresponding to individual material parameters. The relevance of proposed sensitivity criterion in these configurations is then Page 2 of 42 validated through material identification in simulated experiments with added Gaussian noise.
Introduction
The cost benefit offered by laminated composites has brought about their widespread use in different industrial and household applications and has resulted in light weight products being produced at increasingly competitive costs. The weight reduction, however, also requires that the precise material response be known beforehand at the time of product design to avoid inservice failures. Characterization of the mechanical response of laminated composites presents unique challenges due to their anisotropic nature. In general, the displacement response of composites involves contributions from more than one material parameters [1] . The ASTM standards for characterization of laminated composites provide specific guidelines for specimen preparation and testing. Individual test guidelines, detailing the geometry and loading conditions, ensure that the displacement response from different material parameters are decoupled and a homogeneous displacement field is achieved which is mandatory when direct measurement of individual material parameters is sought [2] . These direct methods, however, are limited in their application as they require a large number of specimens and expendable strain gauges for complete characterization of material response [3] .
The limitations present in the direct methods may be overcome if the test method is able to utilize heterogeneous displacement fields resulting in relaxation of the stringent geometry and loading requirements [4] . Recent research in this area has resulted in development of a range of inverse methods which precisely require the displacement response to be heterogeneous thus enabling identification of multiple material parameters from a single test. Contrary to the classical identification techniques where heterogeneous displacement or strain fields are a limiting condition, a variety of inverse methods are now available that make use of this heterogeneous information [5] . This paper deals with a particular application of an inverse method called the Finite Element Model Updating technique -also referred to as the Finite Element Update Method (FEUM) [6, 7] .
The FEUM technique is applied using displacement [8] as well as natural frequencies [9, 10] for identification of material constitutive parameters. In a typical FEUM problem, a set of unknown constitutive parameters is assumed and using a FE model, a numerical displacement (or strain) field is generated. A similar displacement field is found by experimental measurement on the specimen whose material properties are to be determined. A cost function comprising of the displacement gap between the experimental and Finite Element (FE) solution of the surface response is then minimized in an iterative fashion to yield the material parameters being sought. [11] . Although full-field data on the whole surface of the specimen is desirable, the technique is equally applicable when the full-field data is available in only part of the domain [12] .
Several researchers have adopted the FEUM based techniques for identification of material constitutive parameters in composite materials. For example Lecompte et al. [1] used cruciform shaped specimens made from glass fiber reinforced epoxy in biaxial tension. Bruno et al. [13] conducted study on the identification of elastic properties of unidirectional Graphite/PEEK using a plate specimen under flexural loading. In-plane properties of an orthotropic laminate were determined by Molimard et al. [14] using a thin plate specimen with a central hole loaded in tension. Wang and Kam [15] identified the elastic parameters of an orthotropic plate made from graphite/epoxy laminate. The rectangular plates were tested in a CCCC boundary condition (CCCC denotes clamping at all four edges, each C representing an edge) and loaded with two types of loads: a point load at the center and a distributed pressure. A T-shaped specimen subjected to complex stress state was employed by Grédiac et al. [16] for identification of in-plane constitutive parameters. In addition to lab scale specimens, the inverse methods are also applicable to real structures. For example, in vivo characterization of anisotropic properties of human skin on a volar forearm was performed by Meijor et al. [17] . The FEUM approach was also used for identification of interlaminar fracture behavior of a unidirectional thermoset composite material by Mathieu et al. [18] .
The tailoring of test configuration parameters has been studied earlier for design of an optimal test configuration for inverse identification of constitutive parameters in laminated composites.
However, most of the earlier work in this direction relates to inverse identification using the Virtual Fields Method (VFM) [19] which relies on satisfaction of the global or weak form of equilibrium equations. The Finite Element Update Method (FEUM) has attracted little attention in this regard due to the absence of analytical relations to evaluate the sensitivity of identified parameters. The process of selection of optimized virtual fields for inverse identification yields noise sensitivity coefficients corresponding to the orthotropic stiffness's [20] . Pierron et al [21] have presented an optimization strategy which uses these sensitivity coefficients for constructing a cost function balancing the sensitivities of all material parameters in a composite specimen.
The standard Unnotched Iosipescu (UI) test was used for the study with displacement measurements done by speckled interferometry. A similar cost function based on the global noise sensitivity coefficients normalized with respect to the maximum plate deflection have been used in [3, 22] . The authors used grid method for measurement of curvatures in a bent composite plate specimen while the identification was done using the VFM. A numerical simulator for design of an optimal test configuration is presented by Rossi and Pierron [23] which is able to accurately model the parameters associated with the UI test. Under the VFM framework, the authors did a comprehensive study highlighting the effects of stress limit scaling, displacement field anisotropy, smoothing of strain field and the influence of missing data near the specimen boundary on parameter identification. In another research [24] , the authors used this numerical simulator to study the effect of DIC settings in terms of identification error for selection of optimal test settings.
The displacement response of the specimen surface can also be captured by the optical techniques like Two-or Three-dimensional Digital Image Correlation (DIC) [25] . Thetwodimensional Digital Image Correlation (2D-DIC) measures the in-plane surface displacements by comparing two images taken before and after the surface deformation [26, 27] . This method has benefits like ease of setup, less requirement of computation power as well as ease of calibration and low cost. In this method, a single camera is placed for taking images of the deforming surface in a way that the optical axis of the camera is parallel to the outward normal of the surface under consideration [28] . The specimens are tested with the 2D-DIC. They are generally either flat and subjected to in-plane loading (tension, compression, shear, biaxial or a combination of these loading conditions) [29, 30] ; or at least the surface under observation has predominantly in-plane deformation [31] . Because of the simplicity and other benefits that it offers, 2D-DIC is employed in a large number of applications [32] . The out-of-plane displacements cannot be detected and result in pseudo displacements seen as artificial strains in the DIC output [33, 34] .
In plate bending experiments,the displacements are chiefly out-of-plane while the contribution of in-plane displacements is minimal. For such an arrangement, application of 2D-DIC results in measurement of a projected displacement field [29] which can only be utilized for identification of material constitutive parameters using a displacement gap based FEUM technique [30] . The Projected Finite Element Update Method (PFEUM) [35] relies on the minimization of a displacement gap between measured and computed displacement fields projected onto the image plane of camera. The primary advantage of this approach is that it allows use of a simple 2D-DIC setup for material identification using specimens undergoing three-dimensional deformation; thus, becomes cost effective and computationally reasonable. The details of the mathematical development of the PFEUM technique can be found in [29, 30] .
In this research, we propose a novel sensitivity based method for design of a test configuration for material parameter identification using the PFEUM technique. The proposed method produces displacement fields with controlled contributions from the material parameters. The test setup is designed such that it allows alteration in the heterogeneity of the observed displacement field by controlling the setup parameters like position of supports, load location, fiber orientation and the aspect ratio. In the next section, a matrix based description of the equations of perspective projection developed earlier in [35] is given using the homogeneous coordinates. The inverse problem under the PFEUM framework is then reformulated. Later, sensitivity criterion for contribution of different material parameters in overall displacement field is derived using the FE simulations. At the end experimental data, for identification of in-plane elastic moduli of a CFRP plate, is presented to verify the validity of sensitivity criterion based on some tailored test configurations.
Method

Projected Finite Element Update Method
In this article, a compact matrix based description of the PFEUM technique is given which helps in the development of sensitivity criterion for design of test configuration and is conveniently applicable in a computer program. We start by considering the general case of projecting a point in space ( , , ) onto the image plane of an imaging system as shown in Fig. 1(a) . A right handed Cartesian coordinate system is chosen to be parallel to the conventional image coordinate system with y-axis pointing downwards. Let A 2D version of Fig. 1(a) is shown in Fig. 1(b) . Using similarity of triangles, we can directly write
From where the position of projected point may be computed as 
Equations (2) is similar to those derived earlier in [30] with ∆ replaced by . The equations were earlier derived for a deforming body with ∆ being the out-of-plane displacement of a point initially lying on the image plane. However, the description presented here is more generic and is derived directly from the principles of projective geometry [36] . The current description allows projection of any point in space irrespective of its underlying deformation or loading history.
It is interesting to note that the camera model given by equations (2), which forms the basis of pinhole camera model [25] , is nonlinear in and hence cannot be represented by simple matrix multiplication. To make the camera model linear, we can use the homogeneous coordinates [25] which represent points and lines in the projective space using vectors with four coordinatesalso called 4 vectors. Conversion from projective to Euclidian space is achieved by dividing the first three coordinates with the fourth coordinate which serves as a scaling parameter. From the geometry of perspective projection any point on the line joining points and , and intersecting the image plane has coordinates of the form
and,
Where, 4 is the 4 × 4 identity matrix. Equation (3) gives the linear form of the pinhole camera model and permits the perspective projection of a point to be taken by simple matrix multiplication. The perspective projection matrix is a linear transformation which maps points in the three-dimensional space to their corresponding projection points on the image plane. For the proof of equation (4) refer to [37] .
Let ( , , , 1) and (0,0, − 0 , 1) be the homogeneous coordinates of the points and respectively, and let the image plane normal towards the viewpoint be represented by 
Substituting back in equation (3) 
Substituting for in equation (6) yields the Euclidian coordinates identical to those in equation (2) . Hence the linear form presented in equation (3) gives the same results as equation (2) but is preferred because of the ease of application. The perspective projection matrix needs to be evaluated only once and thereafter only a simple matrix multiplication can be used to project a set of points from the three-dimensional space to the image plane. The hierarchy of projective transformations also allow multiple transformations to be concatenated in a single expression [38] . It is therefore possible to combine the rigid body motion of a body with subsequent projection in a single step as
Where, = [ ] is a 4 × 4 matrix that applies rigid body transformation to with and representing the rigid body rotation and translation respectively. The homogeneous coordinates are finally converted to Euclidian coordinates by dividing by the scaling parameter .
In 2D-DIC, the surface under observation and its deformed configuration are assumed to lie within the image plane. This can be seen from equation (6) . If the point in Fig ′ can be converted to Euclidian coordinates ′ ′ by using equation (6) . The experimental displacement field determined through 2D-DIC is
Note that the coordinates ̃′ ′ and ′′ in equation (9) are Euclidean (3 vectors) since addition is not defined among point coordinates in the perspective space. The double prime with ′′ is retained to indicate the operation in Euclidian coordinates. Since the displacement field computed by 2D-DIC is already on the image plane, ̃′ ′ in equation (9) need not be calculated separately and is measured directly by 2D-DIC and includes the effect of sample deformation as well as rigid-body out-of-plane motion. Similarly, the numerical displacement field, found using FE analysis of the specimen under the same load and boundary conditions, may be found by the linear transformations of deformed coordinates of FE solution ̃ as
Where, in the third of equations (10), ′′ and ̃′ ′ are the Euclidian equivalents of ′ and ̃′ respectively. In equation (10) it is assumed that prior to the load application the plate specimen lies perfectly in-plane with its outward normal aligned with the optical axis. In case this assumption is not valid, the undeformed or initial coordinates may need to be transformed by a different transformation matrix as
Where, 0 is the rigid-body transformation matrix that aligns the FE model with the plate specimen. Finally, a cost function may be defined on which relates the experimental and numerical displacement fields as
The cost function defined by equation (12) is a function of material parameters and is minimized in an iterative fashion to seek an optimal set of material parameters. The overall inverse problem is then formulated as
Where, is the set of all permissible values of constitutive parameters satisfying the governing equation. If equation (10) is used to estimate the numerical displacement field, an additional six parameters specifying the rigid body modes may be incorporated to account for small relative motion between camera and specimen. The minimization will yield the correct constitutive parameters only if the specimen deformation produces a projected displacement field that is unique from those introduced by the general rigid-body motion of the specimen [29, 30] . The schematic of the identification process is shown in Fig. 3 .
Sensitivity Criterion
For a transversely isotropic laminate, there are four independent material parameters that uniquely define the displacement response. These four independent material parameters are the fiber direction modulus 1 , the transverse modulus 2 , the in-plane Poisson's ratio 12 and the in-plane shear modulus 12 . We denote the numerical projected displacement field that is obtained by a given set of independent material parameters, geometry, load and boundary conditions as 0 which, in the absence of rigid-body motion, is obtained from equation (9) as
Where, the matrix ′′ represents the point coordinates in the undeformed configuration while ̃′ ′ 0 is the matrix containing coordinates of the corresponding deformed configuration. 0 may be termed as the nominal displacement field which serves as the reference. Now, if one of the four parameters is given a small increment, the displacement field thus obtained will be modified in proportion to the contribution of that parameter in the nominal displacement field. Thus
And,
Where, is the absolute difference between the nominal and modified displacement fields corresponding to the th incremented material parameter. Similar incremental displacement fields may be obtained for all material parameters. We define a matrix to contain the incremental displacement fields from all material parameters in individual columns as.
Where, , = 1 4, represent the incremental fields for 1 , 2 , 12 and 12 respectively. The operator converts into a single column vector. If there are points in the displacement field, vector has the size 2 × 1 with first elements containing the coordinates while the next elements containing the coordinates of the incremental displacement field. A criterion defining the sensitivity of the overall displacement field towards individual parameters may now be defined as
is a 4 × 1 row vector containing the percent relative change in the nominal displacement fields due to small increments in the individual material parameters. The elements of range between 0 and 100 and ( ) is always equal to 100. The parameter with highest value of , therefore, would be expected to dominate the displacement response of the test specimen and would be easily identifiable due its distinct signature. On the other hand, a parameter with the lowest value would be very prone to underlying noise and difficult to identify. In an ideal case, therefore, all four material parameters should have a value of 25. The next section gives a method to design a test configuration based on as sensitivity criterion.
Design of test configuration
This section presents a process of sensitivity based design of the test configuration for a plate bending experiment under PFEUM framework. A parametric description of the plate bending specimen is given which is useful in formulating the optimization problem for tailoring of measured displacement fields. Consider a rectangular composite plate with length and width as shown in Fig. 4 . A right handed Cartesian coordinate system is placed at the center of plate which is aligned with the image coordinate system. The Z axis is coincident with the optical axis and points away from the camera. The fiber orientation is zero parallel to the X axis and increases in the counter-clockwise direction. The outer plate edges are marked with solid lines.
The plate is held in place by pin supports which do not restrict plate rotation. The supports marked 1, 2, 3 and 4 can be positioned along the edges on the inner boundary marked by dotted lines. The inner boundary is offset from the outer boundary by distances of and in and directions respectively as shown in Fig. 4 . The four corners are marked 1 to 4 in the counter-clockwise direction. The position of supports is defined in a normalized boundary coordinate system (BCS) defined at each corner. As shown for 1, the BCS is defined such that the support location 1 is 0 at 1, positive between 1 and 2 with a maximum value of 1 at 2, and negative between 1 and 4 with a minimum value of −1 at 4. In a similar fashion all supports can move between −1 and +1 along the inner boundary edges connecting the corresponding corner. The load application point has coordinates and which are also normalized along the and directions. is −0.5 at the left edge and +0.5 at the right edge while is −0.5 at the top edge and +0.5 at the bottom edge. The direction of load is towards the camera such that plate deformation is primarily out-of-plane.
In total there are 9 independent geometric parameters that completely define the test configuration. These parameters may be gathered in a set such that
With the plate completely defined, a simple optimization may be carried out to maximize the sensitivity criterion by tuning a subset of the geometric parameters in . The constraints on geometric parameters during optimization are dictated by specimen manufacturing considerations and dimensions of test bench. The overall theme of the process of optimizing a test configuration is depicted in Fig. 5 . Alternatively, the optimization may be skipped and a manual tuning of geometric parameters may be carried out where in a small subset of is manually modified to attain the required contribution from a specific material parameter.
Experimental setup
The experimental setup used for inverse identification in our earlier work [35] consisted of a stainless-steel test bench with 10 mm thick brackets for holding the specimen. The support locations were fixed at the corners and hence could not be altered. A redesigned test bench, Fig.   6 , was used in present study which allows adjusting the support positions along the left and right edges of the specimen. The bench was fitted with leveling screws which were used along with the level gauge to align the outward normal of the specimen in a horizontal plane. The thickness of brackets has been increased to 20 mm resulting in a reduction in available specimen width to a maximum of 185.6 mm.
The specimen was held in position between pointed bolts at each support location. These 4 Results and discussion
The Finite Element model
The FE model of the plate was made with ANSYS APDL script. The supports were modelled by suppressing translational degrees of freedom (DOF) at the support nodes. The presence of FE nodes at the supports and at the load application point were ensured by creating ℎ on these locations. The element coordinate system was oriented such that the fibers were aligned length wise in the direction.
The FE model of the plate was also validated experimentally. A composite specimen of 2 mm thickness was held in case 1 configuration. A linear displacement transducer (LDS) was used to measure the deflection of plate at its center as shown in Fig. 8 . An initial load of 4.3 N was given and plate deflection was measured from 14 N to 32 N with 2 N steps. The plate was modelled using the 20-node SOLID186 brick elements with an edge length of 5 mm and as a single element across the plate thickness. For comparison, the 8-node SHELL281 elements were also used for plate modelling with 5 mm element size. In order to extract surface displacements and apply supports on correct plate surface, the shell section was offset to element BOT plane which corresponds to the plate surface facing the camera and where the supports physically touch the plate.
The Figure 9 shows the comparison of the experimentally measured plate deflection with the FEA results. It is clearly seen that the deflection with both solid and shell elements closely matches the experimental deflection. The solid elements were preferred even the choice between the shell and the solid seems arbitrary. The choice was made to ease possible integration with the support structure made from the solid elements. When nonlinear geometric effects were enabled, the plate deflection was over-predicted at all loads. The disparity in between the linear and the non-linear solution is apparently in disagreement with the large deflection theory. It would predict lower plate deflection due to stress stiffening. The difference is probably because of the presence of the supports is on the surface of the plate instead on the mid-plane. As the plate deflects, the mid-plane is relatively free to stretch and resulting an increase in the plate deflection. The disparity could be removed if the rotation at supports were suppressed for both the solid and the shell elements. For example, if the plate was held between the two pointed bolts at each support location (i.e.one on each face of the plate). The rotation at supports would be suppressed and the stretching of mid-plane would be restricted. The linear and nonlinear solutions for this support condition agree but do not match with the experimental results for this setup. The detail investigation of this bias due to the nonlinear effects is beyond the scope of this work and will be reported in a future publication. The nonlinear effects were ignored in the presented research.All the test cases were designed to keep the maximum plate deflection at less than half of the plate thickness which kept the nonlinear effects to a minimum.
Test configurations
Five test configurations were tested in this work. Each of them was designated with a unique case number. The first two cases related to the configurations tested in [35] with the parameters converted to those of Fig. 4 . Two more configurations having dominant contributions from 1 and 12 and a third configuration with balanced contributions from 1 , 2 and 12 have been designed in this work. The design was carried out on the available specimen geometry. Hence the specimen dimensions and fiber orientation were not changed. Table 1 shows the geometric parameters for all the test cases.
The sensitivity criterion for each configuration was estimated using a simulated displacement field generated through a FE analysis and then projected using the equation (11) .
A constant load of 24 N (corresponds to the average load applied during the identification experiments) was used for each simulation. The sensitivity criterion corresponding to the five test cases for each material parameter as well as the maximum plate deflection at this load are given in Table 2 . There were two conditions imposed during the design of the new test cases. The maximum plate deflection was kept less than half of the plate thickness to keep the nonlinear effects minimum; and the minimum distance between any two supports was set as 22 mm which was the minimum physical distance achievable between the support points (i.e. when two support brackets in physical contact to each other).
Case 1 related to a test configuration with four supports at the corners and a point load at the plate center. Table 2 indicates that the maximum contribution in the displacement field obtained from 2 with a value of 74.3% . While 12 had the minimum contribution with = 3.0%. Thus case 1 was expected to show best convergence of 2 .
The contribution of 1 and 12 were more pronounced in case 2, with only three support points, as indicated by sensitivity values of 37.6% and 36.0%. 2 had a slightly lower value of = 23.8% while 12 contributed very weakly as depicted by a small value of = 2.7%.
As discussed earlier, the sensitivity criterion may be tailored for a specific parameter by careful adjustment of geometric parameters. The three new test configurations analyzed in this work were based on variation of sensitivity criteria due to change in different test parameters. Figures   10 thru 14 show the variation of sensitivity criteria due to change in selected test parameters.
For example, Fig. 10 shows the effect of moving from the left to right edge of the plate keeping all other parameters fixed as in case 1. It is seen that the contribution from 2 and 12 remain almost unchanged while E1 and G12 reach their minimum and maximum values, respectively, as the load application point approaches the plate center. The most dominant contribution from 2 is thus found around = 0 which corresponds to case 1 configuration.
If instead of , is varied from minimum to maximum -from top to bottom edge -the contribution from 1 and 2 both change rapidly with 1 being maximum as the top and bottom edges as shown in Fig. 11 . From this figure, an 1 dominant configuration was selected and designated as case 3 with the load applied midway between 2 and 3. Here the maximum resistance to deformation is generated due to the fiber direction modulus 1 with a high contribution of 65.2% while the sensitivity of 2 drops rapidly towards the edges. The next highest contribution comes from 12 which has = 26.1% , while 2 and 12 have contributions of 5.6% and 3.2% respectively. Furthermore, no significant change in the contribution from all other parameters is seen. Although the fiber orientation was constraint due to specimen availability, the effect of varying it from the reference 0° in case 1 configuration was also studied. Figure 14 shows the variation of material parameter sensitivities due to change in fiber orientation in the plate specimen. As the fiber angle increases, the sensitivities of 1 and 2 move in the opposite directions and around 35° to 40°, the contribution from 1 becomes maximum while 2 reaches a minimum value. This corresponds to a point when the load is applied directly on fibers aligned between the two support points ( 2 and 4 in this case). This result is consistent with the plot of Fig. 11 , where the contribution of 1 is most dominant when the load is applied on the top or bottom edge. The sensitivity of 12 is maximum at about 50° fiber orientation while 12 remains almost unaffected by change in fiber orientation.
From Fig. 10 thru Fig. 14 , it is clearly seen that the contribution of in-plane Poisson's ratio 12 remains unaffected and does not depend strongly on any single parameter including the fiber orientation. Hence a 12 dominant configuration could not be found through an intuitive tailoring of test configuration. The best point for a 12 dominant configuration appears to be when 3 is above 0.7 as shown in Fig. 13 . However, a check on maximum plate deflection, Fig. 15 , shows that the plate deflection rapidly increases above 3 = 0.6 and exceeds the half plate thickness criterion. Moreover, the distance between supports 3 and 4 becomes less than 22 mm when 3 is greater than 0.8. Since 12 shows clear dependence on the position of load application point, Fig. 10 and Fig. 11 , and the support position, Fig. 13 , an optimization was run with , , 1 and 4 as independent variables while keeping other geometric parameters fixed.
Only four geometric parameters were selected to keep the design space as small as possible. The sensitivity criterion for 12 was set as objective function with constraints on the minimum support distance and the plate deflection as discussed earlier. The configuration obtained through this optimization study, designated as case 4, has maximum contribution of 50.4% from 12 , while 2 also has a healthy contribution of 38.1%.
Careful comparison of Fig. 11 and Fig. 13 indicates the possibility of finding a configuration with balanced contributions from 1 , 2 and 12 . As 3 reaches a value of about 0.45 , the contribution from these parameters tend to converge, as shown in Fig. 13 , with decreasing contribution from 2 and increasing contributions from 1 and 12 . Since the same trend is observed as load moves downwards, increasing in Fig. 11 , the two geometric parameters were tuned together to reach a point where 1 , 2 and 12 have almost equal contributions in the resulting displacement field as indicated by values of 31.4% , 32.5% and 33.4%
respectively. The test configuration thus obtained was designated as case 5.
In general, 1 appears to dominate the displacement field when the load application point is near either the top or the bottom edge (the edge parallel to the fiber direction). If the load is applied at the center of the top or bottom edge (case 3), maximum resistance to deformation comes directly from the bending of the plate along the fiber direction and hence the fiber direction modulus plays the key role while the contribution from 2 stays minimum.
The contribution from 2 , on the other hand, increases as the load application point moves away from the top and the bottom edges. The maximum contribution from 2 will be apparent when the load application point is placed at the center of the left or right edge. At this location, the bending of plate in the transverse fiber direction is the main driving factor and maximum contribution is come from matrix deformation. As expected, the contribution form 1 is minimum in this configuration. 12 appears to be minimum for a perfectly symmetric configuration (case 1) and increases whenever the symmetry is disturbed by moving the load or any single support from its position in the case 1.
In all the test cases, it was noted that 12 is least sensitive to any change in the geometric parameters and hence the most difficult parameter to identify. No configuration could be found, manually or through optimization, which had a dominant contribution from 12 in the resulting displacement field. For this reason, it was decided to study the relationship between the proposed sensitivity criterion and the identification accuracy for the other three parameters.
It may be noted here that the 1 and the 2 dominant test configurations of case 3 and case 1 as well as the balanced configuration of case 5 could be achieved equally well through a numerical optimization but the approach presented here is more intuitive and helps in developing a thorough understanding of the effect of different geometric parameters on material parameter sensitivities. Furthermore, the present study was confined to obtain variations of case 1 having four supports. Alternatively, Fig. 10 thru Fig. 14 may be reproduced for a plate held at only three points to obtain the variations of case 2. In the next section, the results of material parameter identification though simulated as well as real experiments for all five cases are presented and discussed.
The test cases were initially analyzed using simulated experiments wherein a simulated displacement field, projected using equation (11), with an added random noise with standard deviation of 1µ , was used as experimental data for inverse identification. Since no rigid body error was introduced during generation of simulated displacement field, only the four material parameters were used as independent variables during the minimization of cost function in equation (13) . The convergence bounds were set as ±75% of the target values. Since the convergence accuracy is not affected by the initial guess [35] , the target values were passed as initial guess to speed up the convergence process. The simulation was repeated for each case using 10 load values ranging from 15 N to 33 with 2 steps and an initial load of 5 . The coefficient of variation and the relative error were estimated using the converged parameter values from all load steps as follows
To quantify the ability of a given case to produce reliable parameter estimates a unified convergence criterion was defined by combining the and .
From our earlier work [35] , where was used to ascertain successful convergence, it was found that for some cases the parameter estimates end up near the upper or lower bound for each load step hence giving a very low despite poor convergence as evident from a high value of . However, the convergence criterion defined by equation (25) combines the effect of parameter variation from a mean value as well as the departure of mean from the target. Thus, a high value of indicates poor convergence from either one or both of and . Table   3 shows the three convergence estimators for the simulated experiments.
Finally, the test cases were verified by identification experiments using 2 mm thickness CFRP plate specimen tested in each of the five test configurations. The experimental displacement field (projected) was measured using 2D-DIC. Each experiment was repeated ten times at loads ranging from 15 N to 33 N with 2 N intervals and an initial load of 5 N. During the identification step, all six rigid body modes along with the four material parameters were as variables for optimization. A sample comparison of the numerical and the experimental displacement fields at the end of identification process is given in Fig. 16 for the case 3 configuration at a load of 23 N.
In order to make the comparison, the numerical displacement field is first corrected for the rigidbody modes, recovered during the identification process, before a projection is taken. Tables 4 to 8 give the detailed identification results for the five test cases indicating the estimated material parameters as well as the rigid body modes extracted in each test. The first three modes represent the in-plane rigid body motion while the last three modes correspond to the out-ofplane motion. The estimated , and from this experimental data are shown in Table   9 . Figure 17 Indirectly, the proposed criterion indicates the change in , equation (12) , that would result when a small change in the individual material parameters is introduced. Hence the material parameter with relatively high value of is expected to show good identifiability whereas a parameter with lowest value of value will be difficult to identify as its response will be eclipsed by the underlying measurement noise.
Conclusions
A systematic approach towards design of test configuration for inverse identification of material constitutive parameters in transversely isotropic laminates is presented for a plate bending experiment. First a compact matrix based description of the PFEUM technique is given. The use of homogeneous coordinates helps in converting the non-linear pin hole camera model to a linear form which is then utilized to reformulate the PFEUM equations.
A parametric description of the plate bending experiment is given which shows that there are nine independent geometric parameters that fully define the test geometry and may be tuned to control the composition of the overall displacement field of the specimen.
Sensitivity criterion based on the relative contribution of material parameters towards the overall displacement field is derived. Several test configurations have been picked which indicate the application of the proposed sensitivity criterion. The dominance of individual material parameters in displacement fields for the selected configurations is then explained in detail. It is observed that the contributions from 1 , 2 and 12 can be easily controlled by modification in only a small subset of the independent parameters. However, 12 shows little sensitivity towards any of the independent parameters and hence no configuration could be identified which contained dominant contribution of displacement field from 12 . improving the signal-to-noise ratio. Tables   Table 1 Geometric parameters for test cases   Case ID  L  W  Lx  Ly  α  S1  S2  S3  S4  1 
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